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a b s t r a c t
This paper presents the multi objective optimization of foam-ﬁlled tubular tubes under pure axial
and oblique impact loadings. In this work, the double circular tubes, whose bottom is the boundary
condition, while at the top, is the impacted rigid wall; with respect to the axis of the tubes. The optimal
crash parameter solutions, namely the minimum peak crushing force and the maximum speciﬁc energy
absorption, are constructed by the Non-dominated Sorting Genetic Algorithm-II and the Radial Basis
Function. Different conﬁgurations of structures, such as empty empty double tube (EET), foam ﬁlled
empty double tube (FET), and foam ﬁlled foam ﬁlled double tube (FFT), are identiﬁed for their
crashworthiness performance indicators. The results show that the optimal foam ﬁlled foam ﬁlled tube
(FFT) had better crashworthiness than the others under pure axial loading. However, the foam ﬁlled
empty tube (FET) was the best choice for structures under an oblique loading.
& 2014 Elsevier Ltd. All rights reserved.
1. Introduction
One aim of the automotive industry is to increase the crash-
worthiness capability of structures and decrease weight for save
fuel. Finding new materials and designs plays a major role in
achieving this target. Simulated testing was chosen over physical
testing due to cost. To improve the energy absorption of a material,
thin-walled behaviour, which considered the parameters of geo-
metry, size, cross-section, and loading conditions of the tubes, was
studied [1,2]. The energy absorption behaviour of thin-walled
circular tubes under axial impact has been studied by several
scholars [1–5]. The dynamic instability of different cross-sections,
such as circular and square tubes, subjected to axial impact
loading, was reported in a book authored by Jones [2]. However,
the progressive buckling, inversion, and splitting of circular tubes
were previously discussed by [3]. Furthermore, Alghamdi et al. [4]
studied the different structure’s collapsibility as energy absorbers,
namely circular and square tubes. Without increasing volume and
weight too much, to improve the crashworthiness capability of
thin-walled tubes, some researchers [6–11] used cellular materials,
namely foams and honeycombs. The energy absorption capability
of empty ﬁlled foam circular tubes, using a double-cell proﬁle, was
studied by Seitzberger et al. [12,13] and Nurick et al. [14].
In a real-world vehicle collapse event, thin-walled tubes work,
not only with pure axial or pure bending loads, but also with a
combination of axial and oblique loadings; particularly in a
bumper system. The energy absorption capabilities of thin-
walled tubes reduce more under a combination of axial and
oblique impacts, compared to pure axial loads. The crush beha-
viour of mild steel square columns was analysed by Han and Park
[15], indicating that from the axial to the bending collapse mode,
there was a critical load angle at the transition place. Reyes et al.
[16–19] studied square aluminium extrusion response, square
tubes with and without foam, and circular tubes subjected to
oblique loading, and obtained both experiment and simulation
results. In addition, Li et al. [20] carried out deformation and
energy absorption testing, using the experiment results for alu-
minium foam circular tubes, subjected to an oblique quasi-static
loading. For tapered thin-walled rectangular tubes, Nagel and
Thambiratnam [21–23] showed that this structure had more
advantages than straight tubes under an oblique impact. In other
types of structure, Ahmad et al. [24] also investigated the beneﬁts
of using foam-ﬁlled conical tubes under an oblique impact. Mean-
while, double circular tubes under axial and bending conditions
using experimental and numerical testing were investigated by
Guo et al. [25–28]. All gave good promising ﬁndings towards the
development of crashworthiness properties.
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In recent years, concerns have increased on the optimization
techniques applied to structural designs; especially to optimize
the conﬁgurations of foam or cellular material ﬁlled thin-walled
columns and tubes. For instance, maximizing energy absorption
and minimizing the weight of foam ﬁlled [29,30] and honeycomb
[31] under axial loads was investigated by Zarei and Kröger. In
addition, multi objective optimization was used [32] to maximize
speciﬁc energy absorption (SEA) and minimize the Peak Crushing
Force (PCF) of honeycomb ﬁlled single and bitubular polygonal
tubes. Aluminium foam ﬁlled-ﬁlled monotubal and bitubal thin
walled square columns were optimized [33,34] using multi objec-
tive optimization. The results showed the foam-ﬁlled bitubal
conﬁguration to have more energy absorption efﬁciently than
empty and its aluminium foam ﬁller. Acar et al. [35] identiﬁed
the maximum Crush Force Efﬁciency (CFE) and maximum SEA of
tapered circular thin-walled tubes using multi objective crash-
worthiness optimization. The crashworthiness designs of empty
and foam ﬁlled thin-walled square columns under an oblique
impact loading were performed and indicated better outcomes
[36]. Different mathematical programming was used to seek
optimal solutions, such as genetic algorithms (GA) [37,33]. Sun et
al. [38,39] used Particle Swarm Optimization (PSO) to optimize,
with a two stage multi ﬁdelity method for honeycomb, and
optimized the crashworthiness design of Functionally Grade Foam
(FGF) structures using Multi Objective Particle Swarm Optimiza-
tion (MOPSO).
For all of the above mentioned studies, there was a limited
concern about the foam-ﬁlled conﬁguration of the double circular
tube; particularly under different loading conditions. Furthermore,
because of their good capability in energy absorption, these
structures should be explored more, in order to gain an optimal
design [20,28]. The aim of this current study paper is to optimize
the crashing behaviour of double circular tubes under pure axial
and oblique impact loadings using three different tubes, namely
empty-empty double tube (EET), Foam-ﬁlled Empty Tube (FET),
and Foam-Filled double Tube (FFT). In the design’s problems,
crashworthiness criteria i.e., SEA and PCF, were considered as
design variables, such as diameter of cross-section, thickness,
material, yield stress of wall, and the foam density. This work
used s Non-dominated Sorting Genetic Algorithm (NSGA-II), due
to the effectiveness of the crashworthiness design [40,41], to
compare the optimal crashworthiness of the structures.
2. Materials and methods
2.1. Crashworthiness indicator of double tubes under axial and
oblique impact loadings
To evaluate the energy-absorbance of structures, it is necessary
to deﬁne the crashworthiness indicators. The parameters for
instance Energy Absorption (EA), SEA, and PCF can efﬁciently
evaluate the crashworthiness of structures. Energy absorption
can be calculated as:
EA¼
Z δ
0
F δ
 
dδ ð1Þ
where F(δ) is the instantaneous crashing force with a function of
the displacement δ.
SEA indicates the absorbed energy (EAtotal) per unit mass
(Mtotal) of a structure as:
SEA¼ EAtotal
Mtotal
ð2Þ
where Mtotal is the structure’s total mass. In this case, a higher
value indicates the higher energy absorption efﬁciency of a material.
The average crush force (Favg) is the response parameter for the
energy absorption capability:
Favg ¼
EAtotal
δ
ð3Þ
where energy is absorbed (EAtotal) during collapse and displace-
ment (δ).
Crush force efﬁciency is deﬁned as the ratio of the average
crush force (Fagv) to the peak crush force (Fmax),
CFE¼ Favg
Fmax
ð4Þ
Peak Crushing Force (PCF) is another important indicator in
the design of energy absorption structures to absorb the impact
energy in collision. When impact occurs i.e., automotive, PCF is
able to determine the occupant’s survival rate; therefore, several
occupants injuries or even death [40] are caused by a large PCF.
2.2. Finite element models of the structures
Fig. 1 shows the schematic of the tubes under different impact
loadings in particular axial (01) and oblique (301) impacts. The
highest loading in mean force occurred at 301 without major
reduction; this value was therefore chosen in the oblique impact
[32,42,43]. To model energy absorbing structures, aluminium foam
ﬁlled double tubes of length L¼250 mm [32,34] were used to
simulate the bumper beam of a passenger vehicle. Moreover, a
stroke efﬁciency of 0.5 (as described by Chen et al. [44]) for all
tubes was assumed at a maximum crash distance of 125 mm.
A rigid wall impacted the top of the tubes at an initial velocity
of v¼15 m/s. This speed was obtained from the New Car Assess-
ment Program (NCAP). The rigid body was modelled as a mass
block. All translational and rotational degrees of freedom were
ﬁxed and only translational displacement was allowed to move.
Futhermore, the mass block of 110 kg was attached to the top free
end. The bumper beam was assumed to absorb a kinetic energy of
Fig. 1. Schematic of double circular tubes.
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about 10% of the compact car’s mass (about 1.100 kg) according to
reference [45].
This material structure had a yield stress of aluminium thin-
walled tubes σy and the density of foam ﬁller ρf.. The cross-section
of the bitubal circular tubes is shown in Fig. 2. The outer diameter,
b and the inner diameter, 0.5b of each tube measured 90 mm and
45 mm, respectively. The outer and inner thicknesses (t) of the
double tube walls were the same at 1.8 mm.
Fig. 3 shows the three FE models of Empty-Empty Tube (EET),
empty-foam ﬁlled tube (FET), and foam ﬁlled-foam ﬁlled tube
(FFT). Comparing the three double circular tubes with different
conﬁgurations is important to design new bumper beam
structures.
To develop the aluminium foam ﬁlled tubular tube models and
to predict the response of thin walled structures impacted by a
free falling impinging mass, the Finite Element (FE) code ABAQUS
—Explicit was used.
The walls of the tubular tubes were modelled using four node
shell continuum elements with ﬁve integration points along the
element’s thickness direction. Moreover, the foam ﬁlled tube was
modelled using eight node continuum elements with a reduced
integration technique combined with the hourglass control. To
avoid both artiﬁcial zero energy deformation modes and volu-
metric locking, enhancement-based hourglass control and reduced
integration were applied. Based on a mesh convergence study of
shells and foam elements, a 2 mm element size was chosen.
A mesh convergence was addressed to ensure a sufﬁcient mesh
density and to accurately capture the deformation process. The
contact interaction between all components was the general
contact algorithm used to avoid interpenetration of tube walls,
which is less intense in terms of computational time. Meanwhile,
the contacts between the foam and the tube walls were modelled
as a ﬁnite sliding penalty based contact algorithm, with contact
pairs and a hard contact. The friction coefﬁcient value for all
contact surfaces was set at 0.3 (as used in previous works [25,28]).
Fig. 2. Cross section of double circular tubes (a) empty-empty double tube (EET),
(b) foam ﬁlled empty double tube (FET), and (c) foam ﬁlled-foam ﬁlled double
Tube (FFT).
Fig. 3. The ﬁnite element model of cylindrical tubes. (a) EET, (b) FET and (c) FFT.
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2.3. Material properties
2.3.1. Thin-walled circular double tubes material
The thin-walled tubes were made from aluminium alloy A6063
T6 [25,28] with mechanical properties of density ρ¼2700 kg/m3,
the Young’s modulus E¼60.2 GPa, the Poisson’s ratio ν¼0.3, initial
yield stress σy¼184.4 MPa, and ultimate stress σu¼215.5 MPa.
The experiments showed that this structure had a much higher
energy absorption and a steadier load carrying capacity than the
single foam-ﬁlled tube under a bending condition [28]. Further-
more, for the experimental results of the cylinder tube structures
under quasi-static oblique impact loading, the circular double tube
had a greater energy absorption [20]. For these reasons, the double
circular thin walled tubes were modiﬁed in an attempt to create
the best structural model.
An elastic–plastic material model, with Von Mises’s isotropic
plasticity algorithm, was used to assess the constitutive behaviour
of the tubes. The direction of aluminium foam, which caused
manufacture process effect, was ignored. Piecewise lines were
performed to deﬁne plastic hardening in the material’s constitu-
tive model. Moreover, the true stress and the plastic strain were
experimentally found to determine the piecewise lines. For the
uniaxial tension test results of the aluminium alloy A6063 T6 with
different thicknesses, refer to Ref. [28]. The insensitivity of strain
rate of aluminium alloy material [46], therefore the effect of strain
rate in this model was omitted. This was because fracture of the
aluminium alloy was not considered in the analysis.
2.3.2. Aluminium foam ﬁlled material
The aluminium closed-cell foam ﬁller was used, with an
average mechanical property value obtained from material tests.
The material’s behaviour was obtained from experimental testing
of the foam ﬁlled material, while the uniaxial quasi-static com-
pression test results with different foam apparent densities are
given in references [25,28].
The constitutive behaviour was based on an isotropic uniform
material of the foam model developed by Deshpande and Fleck
[47] using non-linear ABAQUS/Explicit software packages. The
effect of the manufacturing process for anisotropic behaviour of
aluminium foam was not considered in this work. Table 1 shows
the details of the material’s parameters used in the FE simulation
experiments.
The crushable foam and the crushable foam hardening options
were used to calculate the plastic behaviour of the aluminium
foam. The equation of yield criterion in this model is described as,
F ¼ σ^Yr0 ð5Þ
where
σ^2 ¼ 1
½1þðα=3Þ2
σ2e þ αs2m
  ð6Þ
where σe is the effective Von Mises stress and σm denotes the
mean stress. The yield strength [48] is deﬁned as Y. In addition,
α is the parameter used to deﬁne the shape of the yield surface
and the plastic coefﬁcient function νp. It is assumed that the plastic
Poisson’s ratio for aluminium foam is zero [42,49]; thus, the
formula is,
α2 ¼ 2ð12νpÞ
9ð1þνpÞ
ð7Þ
The strain hardening effect equation for the initial model is
deﬁned as,
Y ¼ σpþ γ
ε^
εD
þα2 ln
1
1ðε^=εDÞβ
" #
ð8Þ
where σp is the plateau stress, the material constants are α2, γ, εD
and β, and the effective strain is deﬁned as ε^. The strain of
densiﬁcation is derived as,
εD ¼ 
9þσ2
3α2
ln
ρf
ρf o
 !
ð9Þ
The density of foam and the base material is deﬁned as ρf and
ρfo, respectively [42,48].
2.4. Design of experiment and metamodel technique
The DOE method provides the means to select the sampling
points in the design space. Some design methods can be explored
to sample points in the design space more efﬁciently [49,50]. To
reduce the required sample number for constructing metamodels,
crashworthiness performance was formulated using the D-optimal
[51]. This method helped us to achieve a good quality metamodel
[52]; the criterion of which offers a compromise between compu-
tational cost and accuracy [53].
Metamodel techniques are extensively used for design optimi-
zation to reduce computational costs. The most commonly used
metamodels, which include the Polynomial Response Surface
(PRS) models [54], Moving Least Square (MLS) [55], Artiﬁcial
Neural Network (ANN) [56], Kriging [57], are used to calculate
crashworthiness behaviour. The Radial Basis Functions (RBF)
method was selected, because it indicates a fairly good accuracy
for the global approximation of highly nonlinear responses and
has been successfully used for previous crashworthiness optimiza-
tions [58–64]. Radial basis function was created by MATLAB in
this work.
RBF was used as a surrogate model (metamodels) to represent
the relationships between the individual objective functions and
the design variable vector. Given the design variable vector and
response values at n arbitrary design (training) points, the RBF
approximation of the response function f0(x) was derived from an
FE simulation, as the following expression:
f 0 xð Þ ¼ ∑
n
i ¼ 1
λi∅ jjxxijjð Þ ð10Þ
where x is the vector of the normalized design (input) variables
with xi representing the normalized coordinates of the ith training
point, ri¼ xxij jj j ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð xxið ÞT xxið ÞÞ
q
, ∅ is a radial symmetric
basis function, and i¼1 is the unknown interpolation coefﬁcients.
2.5. Multi objective optimization
The multi-objective optimization was explored with respect to
the design variables of sectional diameter tubes, b; thickness of
wall, t; yield stress, σy and foam density ρf, while the length of
tube remained constant (L¼250 mm).
Several works, [34,36,38,65–69], investigated two indicators
of crashworthiness that could be optimized simultaneously.
The main purpose of this study is to optimize aluminium foam-
ﬁlled double tubes for maximum crashworthiness performance i.
e., the maximum SEA and the minimum PCF, under axial and angle
impact loadings. The multi-objective optimization scheme used
Table 1
The parameters of the materials [25,28].
ρg (cm³) E (Gpa) ν νp k
Foam 0.45 0.625 0.1 0 1.732
Tube 2.7 60.2 0.3
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can be expressed mathematically as:
Min F xð Þ ¼ ½f 1 yð Þ; f 2 yð Þ;…; f n yð ÞT
gu yð ÞZ0;u¼ 1;…;n
hv yð Þ ¼ 0; v¼ 1;…;m
8><
>: ð11Þ
where y is the design variable vector, n is the objective function
number, fn(y) is the objective function of the objective, yV ¼
yV1 ; y
V
2 ;…yV1
 
denotes the lower bound, and yU ¼ yU1 ; yU2 ;…yU1
 
the upper bound of the m design variables, and n and m are the
numbers of unequal and equal constraints, respectively.
Genetic Algorithm (GA) is a popular optimization tool, because
it avoids the trapping capability for searching for an optimum in
local optima [70]. The Non-dominated Sorting GA (NSGA) algo-
rithm, such as NSGA version I and II, are a more effective and
efﬁcient algorithm for ranking the solution, assigning ranking
ﬁtness, and benchmarking number problems [71].
The ﬂowchart details for the crashworthiness optimization of
double tubes under two impact loadings are shown in Fig. 4. First,
the DoE method was used to deﬁne the design space and generate
sampling points for different angle loadings (phase I). Second, FEA
was used to acquire the design responses for the initial D-Optimal
models of the design objectives (phase II). Finally, Pareto solutions
of structures under different loading conditions used the NSGA II
method (phase III).
3. Results and discussion
3.1. Model validation
Finite element models were compared to the experimental
data based on the work by Li et al. [20] to ensure that they were
sufﬁciently accurate for design optimization. The double circular
aluminium foam tube model, subjected to oblique loading, was
validated. The circular tube material was aluminium alloy AA6063
T6. In the experimental test [20], the double circular tube speci-
men was under a quasi-static oblique loading with a constant
loading speed of 0.09 mm/s. The geometrics of the tube were
length 90 mm, and outer and inner diameters of 38 mm and
24 mm, respectively. The thicknesses of the tube wall tube i.e.,
the inner and the outer, were 2.0 mm and 1.2 mm, respectively.
Table 2 compares the FE experiment [20] under different angles of
impact (01 and 151) for double foam ﬁlled tube, found a good
agreement for both results.
A radial basis functions metamodel was constructed to accu-
rately sample points. To validate these models at a reasonable cost,
ﬁve extra random points [34,36] were generated within the design
domains of the six types of tubes subjected to the two speciﬁc load
angles considered herein; which were 01 and 301.
Both FE and RBF models were used to predict the responses
(SEA and PCF) at these validation points. To measure the degree of
approximation of the radial basis functions metamodel to the FEA
results, the Relative Error (RE) [68] can be evaluated as:
RE¼ y xð Þ ~y xð Þ
yðxÞ

 ð12Þ
where ~yðxÞ is the radial basis functions models and y(x) is the ﬁnite
element result.
Initialization of design 
variable (b, t, ρf, σy) 
D – Optimal experiment 
design variable 
Construct Radial Basis Function 
metamodel of SEA and PCF 
Optimization using 
NSGA II 
Converge? 
Add DOE sampling point Pareto front of the MOD problems 
Phase I 
Phase II 
Finite element analysis  
Phase III 
Fig. 4. Flowchart of crashworthiness multiobjective optimization for tubes.
Table 2
Difference between FE and experimental tests.
Impact angle
(1)
FE Li ZB et al
[20]
Error
(%)
Energy Absorption (J) 0 3427.34 3524 2.74
Speciﬁc energy absorption
(J/g)
25.93 26.7 2.88
Energy Absorption (J) 15 3197.28 3286 2.69
Speciﬁc energy absorption
(J/g)
24.25 24.8 2.19
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Fig. 5 (EET), Fig. 6 (FET), and Fig. 7 (FFT), show the percentage
of relative errors (% RE) of the initial sample points for the FEA
and the RBF in ﬁve random sample points. The results show that
the RE for these RBF metamodel approximations was less than 4%.
Thus, it can be assumed that the RBF model for the objective
functions (SEA and PCF) provided sufﬁcient accuracy for design
optimization.
3.2. Crashworthiness optimization design
The multi-objective optimization of aluminium foam double
tube equations were derived by considering several parameters.
Multi-objectives were applied when more than one objective
existed and it needed to be used in the presence of trade-offs
between two or more conﬂicting objectives. New objectives and
SEA(kJ/kg)
0
0.5
1
1.5
2
2.5
3
3.5
4
R
E 
(%
)
0
0.5
1
1.5
2
2.5
3
3.5
4
R
E 
(%
)
0
0.5
1
1.5
2
2.5
3
3.5
4
R
E 
(%
)
0
0.5
1
1.5
2
2.5
3
3.5
4
R
E 
(%
)
PCF(kN)
SEA(kJ/kg)
PCF(kN)
Fig. 5. Relative errors of design objectives of EET under (a) axial impact and (b) oblique impact.
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Fig. 6. Relative errors of design objectives of FET under (a) axial impact and (b) oblique impact.
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constraint functions, with respect to design variables, such as t, b,
σy, ρf and objective functions, namely SEA and PCF for double
circular tubes, were constructed (see Eqs. (13)–(15)).
Case one, the empty-empty double tube (EET). This tube condi-
tion was empty (ρf¼0), with wall thickness (t), diameter (b),
and wall material (σy) of bitubal tube. The design problem of
optimization was deﬁned as:
MinfSEAðb; t; σyÞ;PCFðb; t;σyÞg
1:6 mm rtr3:0 mm
s:t: 80 mm rb r100 mm
150 MPa rσyr230 MPa
8>><
>>:
ð13Þ
Case two, the foam ﬁlled empty double tube (FET). The double
tubes, with empty and foam ﬁlled, with ρf as the foam density,
were formulated as follows:
MinfSEAðb; t;ρf ;σyÞ;PCFðb; t;ρf ;σyÞg
1:6 mm rtr3:0 mm
s:t: 80 mmrb r100 mm
150 MPa rσyr230 MPa
110 kg=m3rρfr270 kg=m3
8>>><
>>>:
ð14Þ
Case three, the foam ﬁlled–foam ﬁlled double tube (FFT). The
formula is mathematically shown as:
MinfSEAðb; t;ρf ;σyÞ;PCFðb; t;ρf ;σyÞg
1:6 mm rtr3:0 mm
s:t: 80 mm rb r100 mm
150 MPa rσyr230 MPa
110 kg=m3rρfr270 kg=m3
8>>><
>>>:
ð15Þ
The design variables, namely upper and lower bounds, were
calculated by referring to the typical dimensions of a passenger
car bumper beam in the literature [20,33,34].
MOD problems can be calculated to obtain the Pareto fronts
(as shown in Eqs. (13)–(15)). Based on radial basis functions
metamodels, the NSGA-II algorithm was adopted to investigate
the design space. To create an initial 200 design point popula-
tion for all cases of MOD, we used the DoE method. By
considering the convergence of optimizations iterating for 20
generations, PCF vs.—SEA Pareto fronts graphs were generated
using NSGA-II for EET, FET, and FFT tube structures. It was
clear that they conﬂicted with each other in all SEA and PCF
criteria design cases. Each double tube showed an increasing
SEA, which led to undesirable PCF increases (as illustrated in
Figs. 14 and 15).
3.3. Comparison of the structures under axial and oblique impact
loadings
To compare the crashworthiness of the structures, a multi-
objective optimization (as shown in Eqs. (13)–(15)), was used. All
of the structures had similar dimensions, boundary, and loading
conditions, as those considering the design variable (as shown in
Fig. 1). The comparison of deformation patterns from the different
structures can be seen. There were some progressive crease in the
EET and FET (see Fig. 8a and b), while the FFT (Fig. 8c) indicated
very limited expansion in the lateral direction.
The structures under oblique impact (Fig. 9) revealed that the
FET (Fig. 9b) can withstand more than EET and FFT (Fig. 9a and c).
Due to the comparison of different concept designs, the energy
absorption was plotted to the deformation of the length of tubes.
Moreover, as a function of deformation, the energy absorption was
plotted to simplify the comparison of structure conﬁguration
design concepts.
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Fig. 7. Relative errors of design objectives of FFT under (a) axial impact and (b) oblique impact.
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Fig. 8. Deformation modes of (a) FFT, (b) FET and (c) EET under pure axial impact loading.
Fig. 9. Deformation modes of (a) FFT, (b) FET and (c) EET under oblique impact loading.
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Fig. 10. Energy absorbtion capability for various structures of the foam ﬁller double
tube under pure axial loading.
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Fig. 11. Energy absorption capability for various structures of the foam ﬁller double
tube under oblique loading.
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Figs. 10 and 11 show that FET and FFT were better energy
absorbers in both loading conditions. It can be seen that the EET
geometry had lower energy absorption than other conﬁguration
structures under axial and oblique loadings. However, the combi-
nation structures i.e., FET and FFT had more energy absorption
capacity and lower peak crushing force, due to the frictional
interaction between the foam-ﬁller and the inner/outer tubes
[34,72]. These structures will therefore be able to improve the
crashworthiness performance of thin-walled tubes; especially in
vehicle design.
Table 3 lists the optimal conﬁgurations of EET (columns 4–6),
FET (columns 4–7), and FFT (columns 4–7) under both loading
conditions, and the ideal optimal values for two single objective
functions, SEA (column 8) and PCF (column 9). For each of the
structure designs in this table, ﬁrst the maximum SEA is 19.98 kJ/
kg when FFT was under pure axial impact. It is preferable that the
wall has a thickness value of 2.230 mm and material yield stress of
203.89 MPa, while for the minimization of PCF at EET under 301
with wall thickness lower bounds of 2.451 mm and yield stress of
208.81 MPa. This is evidence that there is a conﬂiction between
the two objective functions of the crashworthiness and the
veriﬁcation applied multi objective optimization in such problems.
Second, the optimal diameter of each circular double tube for
maximum SEA is generally different under both impact conditions.
For instance, the diameter of the optimal section of FFT under pure
axial impact for maximum SEA was 85.61 mm, while in the same
objective under 301, it was 90.23 mm. In these two cases, the
corresponding optimal values for FET were 87.54 mm and
88.92 mm, respectively. Apparently, the large diameter tube gave
the effect of energy absorption with a constant tube length. Thus,
yield wall of tube material more susceptible to deform structures
and more energy efﬁcient progressive collapse mode under
oblique impact. However, increasing mass with a large tube
diameter effects reducing SEA. Finally, foam-ﬁller tubes of the
minimum PCF were close to lower bond of 146.32 kg/m3 for both
impact angles. The optimum value to maximize SEA was found to
be the highest foam density of 219.65 kg/m3 when the circular
double tube was impacted at a 301 angle. However, the optimal
foam density of the SEA maximization lowers under pure axial
impact more than oblique impact, as seen in reference [33,36], also
are shown in Figs. 12 and 13).
Table 3
Optimal designs for three structures.
Impact
angle
Double
tubes
Objective
function
b
(mm)
t
(mm)
σy
(MPa)
ρf
(kg/m3)
SEA
(kJ/kg)
PCF
(kN)
0 EET SEA 87.43 2.451 197.54 – 16.64 158.87
PCF 85.61 2.345 210.63 – 4.78 63.54
FET SEA 87.59 2.643 200.73 206.74 18.57 163.23
PCF 86.78 2.943 199.32 154.75 5.48 75.12
FFT SEA 90.21 2.230 198.97 203.89 19.98 172.49
PCF 87.02 2.753 209.45 146.32 6.43 83.43
30 EET SEA 87.43 2.102 203.76 – 8.83 66.23
PCF 86.31 2.451 208.81 – 2.86 30.85
FET SEA 89.92 2.991 208.34 205.38 10.16 81.09
PCF 87.44 2.459 205.62 169.21 3.98 47.54
FFT SEA 90.23 2.145 201.54 219.65 9.82 73.94
PCF 89.45 2.751 206.69 178.42 4.64 39.3
13.54
15.89
17.45
0 4 8 12 16 20
EET
FET
FFT
SEA (kJ/kg)
Fig. 12. Speciﬁc energy absorption for various structures of the foam ﬁller double
circular tubes under pure axial impact.
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Fig. 13. Speciﬁc energy absorption for various structures of the foam ﬁller double
circular tubes under oblique impact.
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Fig. 14. Pareto fronts for various structures of foam ﬁller double tubes under pure
axial loading.
Fig. 15. Pareto fronts for various structures of foam ﬁller double tubes under
oblique loading.
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Multi-objective optimization was explored with respect to the
design variables of sectional diameter tubes, b; thickness, t; yield
stress, σy and foam density ρf. In addition, ﬁve random sample
points [36] were considered to deﬁne the errors between the FEA
and the radial basis functions models. The circular double tubes
Pareto fronts can be plotted (see Figs. 14 and 15) using the radial
basis functions and NSGA-II optimization method. In this section,
EET, FET, and FFT were optimized under 01 and 301 as pure axial
and oblique loading conditions. For the entry of foam-ﬁller in the
crashworthiness simulation, the corresponding MOD problems
and RBF models were implied.
4. Conclusions
The crashworthiness design for thin-walled structures made of
aluminium foam ﬁlled circular tubes was explored in this paper.
Crashworthiness criteria, such as speciﬁc energy absorption (SEA)
and Peak Crushing Force (PCF) were calculated under axial and
oblique impact loadings. Multi objective problems based on Radial
Basis Functions (RBF) were constructed using Finite Element
Analysis (FEA). As a result, the maximum SEA and the minimum
PCF under pure axial loading conditions were 19.98 kJ/kg and
63.54 kN, respectively. Similarly, the value under an impact angle
of 301 obtained the maximum value of SEA at 10.16 kJ/kg and the
minimum PCF of 30.85 kJ/kg. Normally, it was found that increas-
ing the angle of loading on the double circular tubes led to a
decrease in the values of SEA and PCF.
The main result can be described as follows: ﬁrst, Non-
dominated Sorting Genetic Algorithm-II (NSGA-II) was used for
the multi-objective optimization of SEA and PCF for circular
double tubes. Second, to optimize the different double tube
structures, namely empty-empty double tube (EET), foam ﬁlled-
empty double tube (FET), and foam ﬁlled-foam ﬁlled double tube
(FFT). Third, results comparison showed that FFT crashworthiness
performed about 12% better than the others structures (i.e., EET
and FET) for pure axial impact. To compare structures under an
oblique impact of 301, the results demonstrated that FET of was
the best choice, about 7% for the SEA better than FFT. The FET and
FFT were good potential candidates for energy absorbing crash-
worthiness structure applications, to protect vehicle occupants
during accidents or collisions.
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